Purpose: To compare subconjunctival scarring after vitrectomy in rabbit eyes using different gauge systems by analysing anterior segment optical coherence tomography (AS-OCT) images and histological sections. Methods: Vitrectomy using 20-, 23-, 25-and 27-gauge systems was performed for rabbits. Anterior segment optical coherence tomography (AS-OCT) images of the incision sites were obtained before and at day 1, 7 and 1 month after surgery. We measured the thickness of conjunctival epithelium, stroma, Tenon's capsule and total conjunctiva of these three layers, then determined the preservation rates of the borderlines between each layer. Surgical invasion was estimated by histological observation. Results: The thickness of total conjunctiva, or the thickness of both conjunctival stroma and Tenon's capsule in the 20-gauge group was significantly thicker than that in the 27-gauge group at day 1 and day 7 after surgery. Preservation rates of the conjunctival stroma/Tenon's capsule borderline were significantly lower in the 20-gauge group than in the 25-and 27-gauge groups at day 1, day 7 and 1 month. Preservation rates of the Tenon's capsule/sclera borderline were significantly lower in the 20-gauge group than in the 25-and 27-gauge groups at 1 month. In the 27-gauge group, the number of a-smooth muscle actin-positive fibroblasts was significantly smaller than in the 20-gauge group at day 7. Conclusion: Based on the finding of AS-OCT and histology, micro incision vitreous surgery, especially using 27-gauge, contributed to less subconjunctival scarring postoperatively. Therefore, the 27-gauge pars plana vitrectomy (PPV) may be a more effective technique for preserving the structure of conjunctiva.
Introduction
Pars plana vitrectomy (PPV) is the standard treatment for a variety of retinal diseases, including proliferative diabetic retinopathy (PDR), retinal detachment (S€ usskind et al. 2016) , epiretinal membrane, macular hole and vitreous haemorrhage. However, surgical invasion at each incision site causes subconjunctival scarring accompanied by postoperative infiltration of fibroblasts and lymphocytes. The development of neovascular glaucoma (NVG) is a major concern following vitrectomy in patients with PDR and sometimes results in serious visual impairment, and failure of trabeculectomy is related to the subconjunctival scarring (Takihara et al. 2011 (Takihara et al. , 2014 . Transconjunctival sutureless microincision vitrectomy surgery (MIVS) with 27-, 25-or 23-gauges has several advantages over traditional 20-gauge vitrectomy, such as faster wound closure (Teixeira et al. 2013) , reduced operation time (Nagpal et al. 2009 ), postoperative inflammation (Kadonosono et al. 2006; Inoue et al. 2009 ), astigmatism (Avitabile et al. 2010 ) and improved patient comfort (Mentens & Stalmans 2009; Oshima et al. 2010) . Advances in MIVS probably contribute to reducing postoperative subconjunctival scarring; however, to the best of our knowledge, only few studies evaluating the conjunctival status at the incision site following MIVS have been published.
Anterior segment optical coherence tomography (AS-OCT) is now well recognized as a non-invasive technique for high-resolution, cross-sectional tomographic tissue imaging. This imaging modality has been used for quantitative and qualitative evaluation of the cornea (Fernandez et al. 2012; Kanellopoulos & Asimellis 2013) and anterior chamber angle . Recently, the utility of AS-OCT in clinical practice has been extended to include conditions of the conjunctiva, such as conjunctivochalasis (Gumus et al. 2010) , pterygium (Kheirkhah et al. 2011; Soliman & Mohamed 2012) , and filtering bleb morphology (Leung et al. 2007 ). Anterior segment optical coherence tomography (AS-OCT) probably enables us to morphologically analyse the conjunctiva at different time-points after vitrectomy.
Here we estimated subconjunctival scarring in the eyes of rabbits following vitrectomy by analysing histological sections and AS-OCT images, and compared the use of 20-, 23-, 25-or 27-gauge systems.
Materials and Methods

Animals
Experiments were conducted according to the guidelines of the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and approved by the Animal Use Committee of Fukui University. Sixteen female Japanese white rabbits (2.0-3.0 kg, 12-15 weeks old) were anaesthetized with an intramuscular injection of ketamine hydrochloride (Ketalar; 25 mg/kg body weight; Daiichi Sankyo, Tokyo, Japan) and xylazine hydrochloride (Celactal; 10 mg/kg body weight; Bayer Medical, Leverkeusen, Germany) for vitrectomy surgery and AS-OCT imaging.
Surgical procedures
Following pupil dilation with tropicamide and phenylephrine (Mydrin-P Ò ; Santen Pharmaceutical, Osaka, Japan) eye drops, eyes were disinfected with topical povidone iodine, and the eyelids were subsequently opened with a lid speculum.
For 20-gauge vitrectomy, three-port vitrectomy was performed under local anaesthesia. The Accurus Ò (Alcon Laboratories, Inc., Fort Worth, TX, USA) vitrectomy surgical system was used. A microvitreoretinal (MVR) blade (Alcon Laboratories) was inserted at a 20°-30°angle through the conjunctiva, sclera and pars plana and 2.0 mm from the corneal limbus. Subsequently, a suture was placed at the 4:30 sclerotomy using 7-0 vicryl (Ethicon Inc., Somerville, NJ, USA), and the infusion tube was secured with this suture. For 23-, 25-and 27-gauge three-port vitrectomies, the Constellation Vision System (Alcon Laboratories, Inc) was used. Ports were transconjunctivally inserted using the Edgeplus valved trocar/cannula system (Alcon Laboratories, Inc.), 2.0 mm from the corneal limbus. We performed 20-gauge vitrectomy with a 2500-rpm cut rate and 23-, 25-and 27-gauge vitrectomy with a 5000-rpm cut rate and with a pneumatic dual-drive guillotine cutter.
Core vitrectomy was performed with a halogen light source without intravitreal injection of triamcinolone acetonide. Peripheral vitrectomy and vitreous base shaving were not performed to facilitate self-sealing of the scleral incision sites. For all gauge types, transient wound leakage after removal of the blade was treated by application of pressure on the posterior aspect of the beveled wound for a few seconds to facilitate self-sealing of the wound. At 1 day after surgery, we performed Seidel test for checking wound closure. After the surgery, levofloxacin ointment (tarivid; Santen) was applied to the ocular surface. Eye drops of 0.5%-levofloxacin, 0.1%-betamethasone and 0.1%-nepafenac were administered three times a day until eye enucleation.
Anterior segment optical coherence tomography imaging (AS-OCT)
Anterior segment optical coherence tomography (AS-OCT) images of the bulbar conjunctiva were obtained with CASIA SS-1000 (Tomey Corp, Nagoya, Japan) before surgery and at day 1, day 7 and 1 month after surgery. Central corneal thickness measurement software in the optical coherence tomography (OCT) device was utilized to measure the conjunctival thickness. We except the scleral incision of perfusion port for analysis in all gauges due to 7-0 vicryl suture in 20-gauge group. Using the OCT images, the thicknesses of the conjunctival epithelium, conjunctival stroma and Tenon's capsule were quantified at three points 1, 2 and 3 mm posterior to the corneal limbus, respectively. In addition, we measured the lengths of the borderlines 3 mm posterior to the corneal limbus between these conjunctival layers plus the length of the borderline between the Tenon's capsule and sclera. To quantify the surgical disruption of these bulbar conjunctival structures, we defined the length of the borderlines between each subconjunctival layer/3 mm 9 100% as the preservation rate. The preservation rate was compared among the gauge groups before, at day 1, day 7 and 1 month after surgery. All images were processed and analysed by a grader who was blind to the aim of this study.
Histological study
The rabbits were killed with intravenous injections of 5 mg/kg body weight of pentobarbital sodium (Somnopentyl; Kyoritsu Seiyaku Corp, Tokyo, Japan). Next, we enucleated operated as well as non-operated eyes. Eyes were fixed in 4% paraformaldehyde, and frozen blocks were generated using an optimal cutting temperature compound (Tissue-Tek; Sakura Fine Technical, Tokyo, Japan). Four-micrometre-thick consecutive sections were cut with a cryostat.
Haematoxylin and eosin staining was used to determine cell morphology. Neutrophils were identified by their characteristic multilobed nuclei and fine cytoplasmic granules. Fibroblasts exhibited elongated cell shapes and oval nuclei. Masson's trichrome staining was employed to evaluate scleral incision and collagen accumulation in the conjunctiva. In the sections stained with Masson's trichrome, we also measured the lengths of the borderlines 3 mm posterior to the corneal limbus between the conjunctival stroma and Tenon's capsule and calculated the preservation rates of them, then compared with that of AS-OCT images among the gauge groups before, at day 1, day 7 and 1 month after surgery.
To quantify fibroblast activation in the conjunctiva, immunohistochemistry using an anti-a-smooth muscle actin (SMA) monoclonal antibody (Abcam, Tokyo, Japan; 1A4 ab7817, 1/100 dilution) was performed. Briefly, the frozen sections were washed with 3% hydrogen peroxide in methanol for 10 min and incubated with the anti-a-SMA antibody for 24 h. After washing in phosphate-buffered saline, the sections were incubated in a biotinlabelled anti-mouse IgG (Dako, Glostrup, Denmark) for 30 min. Binding reactions were visualized using a 3-3-diaminobenzidine tetrahydrochloride substrate. Counterstaining was performed with haematoxylin.
To quantify the cell densities of neutrophils and fibroblasts in the conjunctiva, eight frozen sections were randomly picked up at each time-point. Cells in the conjunctiva between 1 and 3 mm from the limbus were counted in each frozen section. The cell density (/ mm 2 ) was determined by the number of cells/the conjunctival region between 1 and 3 mm from the limbus. The mean AE SE of cell density (/mm 2 ) at each time-point was calculated from the eight sections.
Statistical analyses
Statistical analyses were performed using JMP 10 (SAS institute Inc., Tokyo, Japan). Tukey-Kramer honestly significant difference (HSD) tests were used to compare the operation time, intraocular pressure, the preservation rate, conjunctival thickness and number of cells in the rabbit conjunctival tissue for each type of gauge. Differences at probability (p) levels <0.05 were considered statistically significant.
Results
Operation time and intraocular pressure (IOP)
The mean operation time (mins, mean AE SD) was 5.11 AE 1.06, 4.86 AE 0.75, 4.62 AE 1.17 and 4.71 AE 0.77 in the 20-, 23-, 25-and 27-gauge group, respectively. There was no statistically significant difference in the mean operation time between each type of gauge. At the postoperative surgery, the mean IOP (mmHg, mean AE SD) was 15.25 AE 1.83, 15.13 AE 2.23, 15.50 AE 2.62 and 14.88 AE 3.36 in the 20-, 23-, 25-and 27-gauge group, respectively. At 1 day after surgery, the mean IOP (mmHg, mean AE SD) was 15.63 AE 3.81, 15.00 AE 4.00, 15.13 AE 4.36 and 15.75 AE 3.96 in the 20-, 23-, 25-and 27-gauge group, respectively. At 7 days after surgery, the mean IOP (mmHg, mean AE SD) was 15.17 AE 1.72, 14.50 AE 3.33, 14.33 AE 2.80 and 15.00 AE 2.10 in the 20-, 23-, 25-and 27-gauge group, respectively. At 1 day after surgery, the Seidel test was negative in each gauge, and there was no statistically significant difference in the mean values of IOP postoperatively between each type of gauge at all objective points.
Anterior segment optical coherence tomography (AS-OCT) imaging after surgery
Anterior segment optical coherence tomography (AS-OCT) images of normal rabbit eyes enabled visualization of the layer structures in the conjunctival epithelium and stroma and Tenon's capsule, as shown in a previous report (Fig. 1) (Zhang et al. 2011 ). The conjunctival epithelium was defined as a continuous, narrow, lowreflective surface layer. Beneath the conjunctival epithelium, the conjunctival stroma was defined as a highreflective layer which was separated from the underlying low-reflective layer (Tenon's capsule). After surgery, sclerotomy incision sites were observed as low-reflective narrow lines and the borderlines between each subconjunctival layer at the scleral incision sites became discontinuous except for the borderlines between conjunctival epithelium and conjunctival stroma (Fig. 2) .
Next, we investigated the changes in the conjunctival thickness following incision (Fig. 3) . Quantitative analysis revealed that the total conjunctiva was significantly thicker in the 20-gauge group than in the 27-gauge group at day 1 (p = 0.0033) and day 7 (p = 0.028) following incision. The conjunctival stroma/Tenon's capsule was significantly thicker in the 20-gauge group than in the 25-and 27-gauge groups at day 1 (p = 0.043 and p = 0.0020, respectively) and the 27-gauge group at day 7 (p = 0.026). Figure 4 shows the change in preservation rates following incision. Preservation rates of the conjunctival stroma/ Tenon's capsule borderline were significantly lower in the 20-gauge than those in the 25-and 27-gauge groups at day 1 (p = 0.0007 and p = 0.0005, respectively), at day 7 (p = 0.0005 and p = 0.0002, respectively) and at 1 month (p = 0.0019 and p = 0.0027, respectively) following incision. In the 23-gauge group, preservation rates of the conjunctival stroma/Tenon's capsule borderline were also significantly lower than that in the 25-and 27-gauge groups at day 1 (p = 0.021 and p = 0.015, respectively) and the 27-gauge group at 1 week (p = 0.024). Preservation rates of the Tenon's capsule/sclera borderline were also significantly lower in the 20-gauge group than in the 25-and 27-gauge groups at 1 month (p = 0.020 and p = 0.016, respectively). However, with regard to the preservation rate for the conjunctival epithelium/conjunctival stroma borderline, no significant differences between these groups at any time after surgery were observed. Figure 5 and 6 shows the histological differences before and after surgery in each gauge stained by Haematoxylin and eosin, and Masson Trichrome, respectively. In Fig. 5 , we can observe the dramatical infiltration of fibroblasts in 20-and 23-gauge groups compared to 25-and 27-gauge groups. In Fig. 6 , we can easily distinguish the scleral incision. At 1 month after surgery, the collagen fibres were more densely packed like the sclera in 20-gauge group than 27-group. Figure 7 shows the results of comparisons of preservation rates of the borderline between the stroma and Tenon's capsule of AS-OCT images and of Masson's trichrome stained sections in each gauge. The preservation rates of them did not coincide perfectly, but there was no significant difference between AS-OCT image and Masson's trichrome stained sections in each gauge at all objective points. Figure 8 shows the results of the histological analyses of rabbit conjunctivae before and after surgery. According to the haematoxylin and eosin stained sections of the conjunctivae before surgery, the conjunctivae were observed to contain small populations of haematoxylin-positive cell nuclei and eosin-positive loose connective tissue. At day 1 after surgery, the conjunctivae contained many infiltrating neutrophils. At day 7 after surgery, the conjunctivae contained many fibroblast nuclei but less neutrophil nuclei than that observed at day 1 after surgery. At 1 month after surgery, less fibroblast nuclei were observed in the conjunctivae compared with that at 7 days after surgery. However, there were no significant differences between these groups in the number of neutrophils following incision. According to the results of immunohistochemistry using anti-a-SMA antibody, the a-SMA-immunoreactivity exclusively corresponded to blood vessels in the conjunctivae. Many a-SMApositive fibroblasts were observed in the conjunctivae that underwent surgery. At day 7 after surgery, the number of a-SMA-positive fibroblasts dramatically increased. In the 27-gauge group, the number was significantly smaller than in the 20-gauge group at day 7 after surgery (p = 0.0019). a-SMA positive fibroblasts had decreased by 1 month after surgery.
Rabbit conjunctiva histology following incision
Discussion
Small-gauge vitrectomy has been rapidly developed because of the many advantages compared to that with larger gauge vitrectomy, and it has made us to acquire better anatomical and functional results after various retinal diseases (Czajka et al. 2016 ). Nagpal et al. (2009) reported that 23 and 25 -gauge systems are more effective than 20-gauge system for decreasing the risk of the complications of vitrectomy such as retinal detachment and vitreous haemorrhage. It is also reported that 25-gauge system causes less postoperative inflammation than 20 and 23-gauge systems (Inoue et al. 2009 ). Avitabile et al. (2010) reported that the wound of sclerotomy recovered earlier and caused less changes of corneal shapes in 25-gauge system than in 20-gauge system Our data suggest that the thickness of the total conjunctiva in the 27-gauge group and the stroma/Tenon's capsule in the 25-and 27-gauge groups was significantly thinner than that in the 20-gauge group at day 1 and day 7 after surgery. The thickened conjunctival stroma/Tenon's capsule following vitrectomy showed aggressive infiltration of neutrophils, followed by advanced fibrosis, which were negatively related to the size of incision. Therefore, the MIVS using 25-or 27-gauge system may be more effective for preventing postoperative inflammation in the conjunctiva than the traditional 20-gauge system. Closing the scleral incision sites using releasable sutures causes subconjunctival inflammation, which leads to subconjunctival scarring. Microincision vitrectomy surgery (MIVS) has the advantage that it does not require wound sutures because of self-sealing. In this study, to avoid the influence of the closing sutures, the scleral incision sites were not closed using sutures, and we did not cut the vitreous body close to the port to facilitate wound self-sealing. At day 1 after surgery, there was no significant ocular hypotension in the 20-gauge group compared with the groups operated by other gauge sizes, and the Seidel test was negative; these findings indicate that the scleral incision sites were closed by self-sealing. If we closed the scleral incision using sutures, more subconjunctival inflammation and scarring would be caused, leading to more significant differences between these gauges.
Anterior segment optical coherence tomography (AS-OCT) imaging enables visualization of the three distinct layers, consisting of the conjunctival epithelium, stroma and Tenon's capsule in the normal eyes of rabbits and humans. The conjunctival stroma was observed as a highly refractive layer, which was sandwiched between the conjunctival epithelium and Tenon's capsule, observed as highly refractive layers. After incision, the three-layered structure was disrupted, indicating subconjunctival scarring. We showed that the rates of preservation of the borderline between the Tenon's capsule and conjunctival stroma or sclera in the 20-gauge group were significantly lower than that in the 25-or 27-gauge groups. We could also confirm the preservation rates of the AS-OCT images correlate significantly with that of the sections stained with Masson's trichrome. These findings indicate that the damage of the structure of the conjunctival layers observed by AS-OCT imaging reflects the subconjunctival scarring process, and 25-and 27-gauge vitrectomies cause less remodelling of the subconjunctival area.
In this study we demonstrated the relationship between histological findings and AS-OCT images during the scarring process caused by MIVS in subconjunctival tissue. Several days after conjunctival incision, plasma proteins and blood cells leaked from the vessels (Dvorak 1986) . Animal studies have shown that fibroblast migration and proliferation occur in the subconjunctival tissue approximately 1 week after surgical incision (Seetner & Morin 1979; Desjardins et al. 1986 ). The proliferating fibroblasts are a-SMA positive, and they are known as myofibroblasts (Eddy et al. 1988 ). Myofibroblasts are involved in the accumulation of extracellular matrices during wound repair, which causes fibrosis in the subconjunctiva (Saika et al. 2009) . A dense collagenous subconjunctival scar is formed within 1 month; therefore, the myofibroblasts largely disappear from the subconjunctival tissue (Dvorak 1986) . Our histological findings are consistent with previous reports. The transiently thicker subconjunctiva within 7 days of surgery corresponds to subconjunctival haemorrhage, leakage of vitreous body and protein from the wound, and recruitment of inflammatory cells and myofibroblasts to the subconjunctiva. Upon resolution of the inflammatory events and the disappearance of myofibroblasts, the AS-OCT images revealed that the thickness of the subconjunctiva had recovered. Even after the recovery of the thickness of the subconjunctiva, preservation rates for the conjunctival stroma/Tenon's capsule borderline and Tenon's capsule/ sclera borderline had changed. These results suggest that dense collagenous subconjunctival fibrosis synthesis occurs in the conjunctival stroma, Tenon's capsule and episclera (Yamanaka et al. 2007; Seet et al. 2013) . Preservation rates of the borderline between the conjunctival stroma/ Tenon's capsule and Tenon's capsule/ sclera were significantly higher after surgery in 25-and 27-gauge vitrectomies than in 20-and 23-gauge vitrectomies. In this study, we examined a-SMA staining to distinguish myofibroblasts. By histological analysis, the number of myofibroblast was fewer in 27-gauge vitrectomy than in vitrectomy by 20-gauge. Nagpal et al. (2009) reported that MIVS contributed to the reduction of the operation time compared with the conventional surgery using 20G. Regarding this parameter, however, we could not find any differences between 20G and other smaller incision size (data not shown). This reason is probable that the volume of vitreous body of rabbits is smaller than that of human, and time for the cutting of vitreous in rabbit eye is short, less than 2 mins. As a limitation of this study, some differences are still noticed between the result of our experimental study and the clinical findings. It seems that the differences in the histological and AS-OCT findings between 20G and 25G or 27G owe to the degree of the scarring of the conjunctiva and sclera.
In conclusion, we demonstrated that MIVS with 25-and 27-gauge systems are more effective for preserving subconjunctival tissue, and of these gauges, 27-gauge causes the least subconjunctival scarring.
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